Abstract
The finding that E. coli can grow at the same rate with a lower R/P ratio implies that P- 
85
To characterize ribosome pools we performed polysome profiling, which separates 86 nutrient states, E. coli differentially tune ribosome number, translation rate, and active fraction to produce proteins at the same rates ( Figure 2A ).
117
Quantitative modeling describes three different strategies of ribosome dynamics to 118 achieve the same protein production rate
119
To better understand nutrient-dependent ribosome dynamics, we probed translation in acids. We defined the fraction of ribosomes bound to the first 10 codons as initiating ribosomes 132 since the ribosome footprint size is ~10 codons 22, 23 . To validate our model we used it to 133 calculate elongation rates, which closely agreed with those we measured experimentally ( Figure   134 S5A). were grown at the same growth rate and maintained the same R/P ratio ( Figure S6D growth conditions, and C-and N-limited cells favoring the ability to rapidly recover growth
221
( Figure 4C ).
222

Discussion
223
In previous studies, E. coli were found to vary R/P ratio with growth rate independently of to a wide range of stresses was the cellular growth rate rather than the specific stressor 38 .
227
Together, these studies suggested that the primary regulator of microbial physiology is growth 228 rate. However, our findings demonstrate that at the same growth rate, E. coli exhibit significantly 229 different translation strategies across nutrient limitations; at the lowest growth rate tested, P- rather reflect a selectively beneficial adaptation.
237
Our findings also implicate ppGpp as a key mediator of ribosome activity that specifically The ribosome sequencing data that support the findings of this paper will be deposited in
279
GenBank with the accession code at publication.
280
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495
To infer translational elongation rate, the square root of the signal in excess of the signal at 496 time zero was plotted. A linear fit was performed on the points after signal began to increase.
497
The lag time is the x-intercept of the line. A previous study has shown that the initiation time
498
remains constant for about 10 seconds across a wide range of conditions tested 47 . Therefore,
499
we corrected the elongation times measured by subtracting 10 seconds in the lag times 500 measured.
502
Ribosome footprinting and total RNA extraction for RNA-Seq
503
The cell collection step was the same as for polysome profiling except that 1mM with size between 25-40nt were extracted using isopropanol precipitation.
519
Library preparation and sequencing
520
Fragments from footprints and total RNA were dephosphorylated at the 3' end by PNK
521
(M0201, NEB). The repaired fragments were linked to the Universal miRNA Cloning Linker
522
(S1315S, NEB), reverse transcribed (18080044, Thermo)and circularized (CL4111K, Epicentre).
523
The circularized samples were PCR amplified (M0531L, NEB) and size selected. Analysis of ribosome profiling data
542
Transcripts per million (TPM) was used to identify highly expressed genes for codon 543 occupancy analysis. After assigning each mapped read to the A-site nucleotide, the raw counts ratios from all genes considered weighted equally.
554
We calculated ribosome counts along a transcript using reads per million (RPM). Only 555 transcripts having total counts over 10 TPM and containing more than 100 codons were 556 considered. Total counts after filtering were normalized to one million reads. The selected genes 557 account for more than 85% of the total counts. The ribosome counts are the sum of RPM at 558 each position.
559
To do the first and second halves comparison of ribosome counts of genes, the same set 560 of genes and trimming processing for codon occupancy were used. The RPM from positions 561 were summed up based on its assigned location (first or second half) on the transcript and plot 562 against each other.
All the codes used for data analysis in this paper are available upon request.
566
Data availability
567
All the data used to reach the conclusion of this paper will be made available upon publication . (E) Quantification of ribosomes in the form of subunits (30S + 50S), free 70S, mRNA-bound 70S (one ribosome on one mRNA), and polysomes (multiple ribosomes on one mRNA). Three biological replicates were analyzed with the error bars showing standard error of the mean. (F) Estimation of growth rate using measurements from RNA-to-protein ratio, elongation rates, and fractions of different ribosomal species. 0%  0%  0%  2%  2%  2%  2%  4%  4%  4%  4%  6% 6% 6% 6% C-0.1 N-0.1 P-0.1 Min-0.9
Codon occupancy
Codon frequency Carbon-limitation . (C) Model for nutrient-dependent ribosome usage: Under C-or N-limitation, the total ribosome pool is high while under P-limitation the total pool is low. C-limited cells elongate fast but have a low fraction of working ribosomes. N-limited cells elongate slower but have a higher fraction of working ribosomes than C-limited cells. Under P-limitation the low supply of ribosomes leads to both a high fraction of working ribosomes and fast elongation to meet the protein production demand.
